jkowo well field between 1989 and 1992; this well field supplies water to Poznań (Fig. 1) . A marked drop in water level was observed after several years of intensive and continuous exploitation of the well scheme, located along the River Warta. An increased rate of well exploitation (136,000 m 3 /d) was performed, meeting the high water demand during a drought period. Detailed hydrogeological studies were conducted in order to recognise the origin of the clogging processes as well as to formulate ways of counteracting clogging. The lesser river bed permeability decreased the dynamic water level below the river bed and expanded the cone of depression beyond the opposite river bank to the well scheme.
The aim of the present article is to discuss specific hydrogeological studies that were carried out in investigations of clogging so as to provide guidance for the construction or modernisation of river bank filtration sites.
In view of the methodological range of the research done, the whole investigation was divided into three parts. The present article (part 1) contains results from hydrodynamic investigations, sedimentology research and a geotechnical survey. In part 2, the methodology and results of mineralogical, chemical and hydrobiological investigation of the sediments sampled to 10 m below the river bed will be presented. Part 3 focuses on the results of groundwater modelling under conditions of clogging of the river bottom as well as after unclogging activities.
Clogging processes
Three main types of clogging processes can be distinguished, i.e., mechanical (physico-chemical), chemical and biological (Heeger, 1973; Beyer, 1977) .
Mechanical clogging is caused by concentrations of small grains or colloids in porous media. Small grains can be autochthonous or allochthonous (flowing in river water). In extreme cases, the loose fraction can move within the porous media, creating zonal barriers to water flow (Hewitt, 1963; Sharma & Yortos, 1987; Skolasińska, 2006) . These zonal barriers can also be created by swelling of clay minerals, mainly montmorillonite (Monaghan et al., 1959) . Another mechanism of mechanical clogging is the coherence of particles and the bridging of pores. An important role is played by sediment compaction as a result of sustained seepage pressure under conditions of high hydraulic gradients during well exploitation (Glazer, 1985; Piekarski, 2009) .
Chemical clogging is caused by precipitation of soluble components (mainly carbonates) onto insol- uble grains during changes of hydrogeochemical conditions, which are modified by hydrostatic pressure, redox conditions and temperature changes of infiltrating water. Chemical clogging is extremely effective when the groundwater table lowers to below the bottom of the river and causes an increase in the capillary force in river bed sediments (Hotloś et al., 1983) . Under the river bed, an aeration zone is created, which favours soluble component precipitation. This causes a decrease in effective porosity by creating bridges between grains (Biernacka et al., 1993) . Chemical clogging can cause the aggregation of small sediment fractions (Przybyłek & Wojewoda, 1996) . This chemical process can also lead to bimodality of sediment grain size distribution (Gór-ski & Przybyłek, 1992; Skolasińska, 2007) .
Biological clogging is caused by the growth, retention and decay of bacteria and algae in river bed sediments, at depths of 1 to 2 metres. This can also be related to the growth of bacteria in river bottom sediments (Górski et al., 1993; Szyper & Danielak, 1993) .
Some authors have defined gas entrapment as a fourth type of clogging (Rinck-Pfeiffer et al., 2000; Grischek & Bartak, 2016) , but this is related mainly to artificial recharge by infiltration pounds and in case of bank filtration can be negligible.
Study area
The Mosina-Krajkowo well field supplies water to Poznań and is located 20 km south of the city in the Warszawa-Berlin ice-marginal valley in an area referred to as "Mosina Basin". This basin is crossed by the River Warta (Fig. 1 ). There are two terraces in this ice-marginal valley area: a flood plain and an upper terrace. The flood plain terrace is 0.5-2 km wide. Many periodic and long-lasting ox-bow lakes occur on the terraces. In the study area, buried oxbow lakes and 20-m-high sand dunes can be found.
Favourable hydrogeological conditions occur in the study area because the water-bearing sediments of the two main groundwater bodies overlap: the Warszawa-Berlin ice-marginal valley and the Wielkopolska Buried Valley. These aquifers are locally separated by an aquitard composed of glacial tills. Where glacial tills are missing, hydrogeological windows occur. The thickness of the water-bearing sediments in these regions exceeds 40 m. The confining bed of the aquifer is formed by Miocene and Pliocene clays (Fig. 2) .
The Mosina-Krajkowo well field is composed of two main well galleries ( Fig. 1 Figure 1 ). 1 -clay; 2 -glacial tills; 3 -sands and gravels; 4 -well screen location; 5 -main groundwater flow direction; 6 -water level; N -Neogene; Q -Quaternary.
originated from RBF (Dąbrowski et al., 2011) . The reason for the high portion of groundwater extraction was the expansion of the regional cone of depression, which occurred along the Warta River (Figs. 3, 4 ) from km 265 (at Rogalinek) to km 276 (at Radzewice). In the area of Krajkowo, where the cone of depression was caused by the overlap of the exploitation of two well groups, the cone of depression expanded to the opposite side of the river (Fig. 4) . The main subject of the hydrodynamic analyses presented in this article is the well gallery RBF(c) on the artificial island that was created after constructing the channel along existing ox-bow lakes (Fig. 5) . The entire "Krajkowska Island" is included in the well-head protection zone. The wells are protected against flooding by an embankment. The extracted groundwater is pumped to the water treatment station located approximately 10 km to the north, at Mosina.
Description of the River Warta
The wells are located at km 272.6-274.6 along the River Warta. In that region the river meanders through a wide floodplain valley. Basic river training occurred during the nineteenth century. To enable shipping on the river, training structures were built and the river channel was regulated. An average of 1 km of the water route has 24-36 stone-fascine training structures, with a spacing of 50-60 m. This procedure led to deepening of the river channel in the mainstream part and protected the river bank against erosion (albeit caused erosion of the river bottom). The river channel in the "Krajkowska Island" area has a width of 55 to 70 m during periods of average and low water levels, and an average depth between 1.1 and 2.1 m (Table 1) .
Characteristic water levels of the River Warta are presented in Table 2 (Przedwojski, 1993) . Flow rates of the River Warta correspond to water level changes, both seasonally and over long-term peri- 1-embankment; 2 -sands; 3 -gravels; 4 -silts; 5 -clays; 6 -static and dynamic water level; 7 -groundwater flow direction; 8 -position of RBF well screen; 9 -position of horizontal well screen; 10 -other observation wells; 11 -Quaternary; 12 -Neogene. ods (during long wet and dry seasons). During periods of low water levels, the surface of the river bank hydraulic active zone decreases. Due to reduction of the river bank parts where the bank filtration process occurs, accelerated clogging of the river bank and bottom is noticed. The channel bottom of the River Warta consists of fine sands. According to Przedwojski (1993) , the average effective grain diameter (D 50 ) of the bed load is between 0.37 and 0.39 mm (Table 3) . The distinct decrease in the wash load is caused by water protection activities (long-term sewage treatment programme) performed in the River Warta catchment after social, economic and political changes occurred in Poland after 1989. It was documented by groundwater mathematical modelling that wells were recharged by 42,200 m 3 /d from RBF 1989 RBF -1991 . Considering the wash load amounts in 1992 and previous years (33 g/m 3 ), it can be assumed that together with infiltrating water, 1.4 t/day (262 t/year) of suspended material was infiltrated during the period of 1989-1992 (hydrological drought period).
Hydrodynamics and river bed clogging
From 1987 to 1990, clogging of the bottom of the River Warta became obvious through the systematic decrease in dynamic water levels during constant well operation at Krajkowo. Figure 6 presents a dynamic water level cross section of the wells and the river. The groundwater level was measured in a net of piezometers and in the river in September 1988, June 1989 and June and November 1990. In the first half of the year 1990, the cone of depression in the central part of the well scheme increased to 4 m, and the dynamic groundwater level remained 2 m below the bottom of the River Warta. The cone of depression expanded beneath the river to the opposite side of the river.
The results of groundwater flow modelling (Dąbrowski et al., 2011) indicate that the strongest decrease in river bed and aquifer permeability was observed along the straight part of the river Table 2 . Characteristic water levels and flows in the River Warta (Przedwojski, 1993 AHW -average high water, MW -mean water, ALW -average low water, LLW -lowest low water. at km 272.5-273.5, which is that zone of the aquifer where the highest permeability had previously been noted. The hydraulic conductivity in this zone decreased from 1.25*10 -4 to a range of 1*10 -6 -1*10 -5 m/s.
Methodology
Drilling of boreholes was performed between km 273.2 and km 274.4, in the section adjacent to the well scheme. Drilling was positioned along 1,200 m in five transects with three boreholes drilled in each transect, located on the line perpendicular to the river channel (Fig. 5) . Drilling was performed using pontoon and hand-drilling equipment. Each borehole had a depth of 10 m below the bottom of the river and was drilled with a Ø 6.5/8" drill pipe. After installation of the drill pipe in the river bed, the river water was exhausted from the pipe, and then drilling was continued without water (dry drilling). The sediment was sampled every run from the river bottom and then every 0.5 m. Each sample was filled to the core box and placed into a plastic bag (for grain size analyses). Clogging products were secured in a glass jar for mineralogical, geochemical and hydrobiological analyses. Grain size analyses were performed according to the Polish standard in hydrogeology and engineering geology (PN-74/B-02480). In boreholes where an aeration zone was detected (km 273.2 to 273.6), the analyses were carried out for each sample and in the saturation zone in case of lithological changes. A total of 210 grain size analyses were performed, and the grain size distribution was plotted for each sample (Stryczyńska, 1991) .
During drilling, a hydrodynamic investigation was also performed. This investigation included measuring of the water level at two reference levels: 1-2 m below the river bottom and at a depth of 10 m below the river bottom.
In every borehole location, the dynamic probe DPL (Dynamic Probing Light) was used to a depth of 5 to 10 m below the river bottom for relative density investigations which matched the standard PN-74/B-04452. The numbering of the DPL probes was the same as that of the boreholes. 
Results and discussion

Hydrodynamic conditions
The hydrodynamic investigation was performed during and after a long-term hydrological drought, when the regional multi-dimensional cone of depression developed. The interaction between the river and the aquifer during 1990-1991 is illustrated in five hydrodynamic cross sections (Fig. 7) and the lines of the cross section are shown in Figure 5 .
Cross section at km 273.2 (Fig. 7 -transect A, boreholes 23B-23-23A) illustrates the cutting of the clogged zone under the river bottom after excavation for installing the horizontal drains of the horizontal collector well. This caused the creation of a local hydrogeological window. The river water infiltration was intensified and caused a rise in groundwater level to 1 m above the river water bottom (borehole 23) and the disappearance of the aeration zone below the river bottom in this zone. The aeration zone persisted on the left (borehole 23B) and right (borehole 23A) banks of the river. Cross section at km 273.4 (Fig. 7 - transect B, boreholes 24B-24-24A) expresses the fully developed aeration zone below the river bottom. The thickness of the aeration zone is 2 m on the left river bank (borehole 24B), 1.2 m in the central part of the river channel (borehole 24) and 1.5 m on the right river bank (borehole 24A).
Cross section at km 273.6 (Fig. 7 -transect C, boreholes 27B-25-26A) indicates a high hydraulic resistance in the aquifer (borehole 27A) on the left river bank (from the well barrier site) and a higher infiltration effectiveness on the right river bank (borehole 26). The higher hydraulic gradient indicates a more effective infiltration on the right river bank, where the clogging processes are less severe.
Cross section at km 274.0 (Fig. 7 -transect D, boreholes 32-29-30) illustrates the specific conditions on the bed of the River Warta with an asymmetrical river channel. The static groundwater level occurs above the river bed only 1 m below the surface water level. The analyses of the interaction of surface and groundwater levels indicate that in this zone, infiltration occurs mainly in places of river channel deepening on the right river bank.
Cross section at km 274.4 (Fig. 7 -transect E, boreholes 35-33-34) indicates that the cone of depression expands through the right bank of the river, but the aeration zone did not appear under the river bottom. Figure 8 presents results of groundwater level measurements in the piezometers located between the river and the wells during the period between July 1990 and March 1991 together with the river water level. A differentiation of the hydrodynamic conditions is evident along the part between km 273-274 and km 274-275. Between km 273 and km 274, the aeration zone beneath the river bottom is caused by overexploitation during conditions of hydrological drought (compare to Fig. 7) . Moreover, in this part of the well scheme, a multidimensional cone of depression occurs, which is caused by an overlap of two local cones of depression in RBF(c) and RBF(f) well galleries. Between km 274 and 275, different conditions occur because the RBF(f) cone of depression declined at this location and the river stays under the influence of only the RBF(c) wells but with a tendency to cross the right river bank.
Results from grain size analyses
Water-bearing sediments with the largest diversification below the river bed of the River Warta were found in the cross section at km 273.6 (Fig. 7 -transect C, boreholes 27A-25-26).
In Table 4 , the results of grain size analyses of sediment samples are presented. Samples were taken at 0.5 m below the river bottom up to a depth of 10 m. Figure 9 presents the lithological sections of boreholes and four sets of sieve curves. Sieve curves from each sample are shown in Figure 9A , while the sand fraction from 0.0-4.5 m below the river bed with very even grain size (U = d 60 /d 10 from 1.7 to 2.59) and small participation of the fraction 0.05 -0.15 mm, up to 1 per cent (Table 4) is illustrated in Figure 9B . Shown in Figure 9C are the sieve curves for layers 4.5-5.0 m below the river bed, with an enriched amount of the 0.05-0.15 mm fraction, up to 48.3 per cent (Table 4) ; those from samples 5.0-8 m, where the bimodal distribution is clear, appear in Figure 9D . The portion of the 0.05-0.15 mm fraction is also enlarged, and grain sizes are very uneven (with U = d 60 /d 10 from 10 to 24.6).
This layout states that under the influence of seepage pressure caused by infiltration of surface water, grains of sizes 0.05-0.15 mm yield suffosion and a clogged (mechanical clogging) sand and gravel zone at a depth of 4.5-8 m, where the filtration of the surface water to the production of the well barrier occurred intensely. Screens of wells are located at corresponding depths to the clogged sediments (Fig. 3). 
Results from relative density measurements
Relative density diagrams from the investigation performed in the borehole locations are presented in Figure 10 . In the diagrams, additional data are presented relating to water-level measurements and relative density classification: loose sediments, up to 5 blows; medium compacted sediments, up to 20 blows; and compacted sediments, more than 20 blows. From a comparison of each transect, it can be concluded that the compaction of the previously loose sediments occurred within three transects, in regions where an aeration zone under the river bottom was created. The boundary between loose and compacted sediment is clearly visible at depths of 1.0-0.6 m at km 273.2, 1.7-0.6 m at km 273.4 and 0.9-0.6 m at km 273.2. Up to km 273.6 no compaction of the river bed sediments was observed. Compaction of the sediments on straight stretches of the river was the reason for creating an aeration zone below the river bottom and the expansion of the cone of depression on the right side of the river. In Fig. 9 . Grain size curves of samples from borehole 27A (for location, see Figure 5 ). 1 -gravels; 2 -gravels and sands; 3 -silty sands with gravels; 4 -sands; 5 -silt; 6 -sampling depth.
the diagrams, the boundary between the naturally loose and naturally compacted sediments is also indicated (marked by a solid line in Fig. 10 ). An occurrence of surprisingly loose sediments at greater depths (between 3 and 10 m) in borehole locations 23B and 23 at km 273.2 was documented. This can be explained by the occurrence of sediments of a buried meander of the River Warta that is crossed by the contemporary river channel. It is a result of technical river trainings performed in the nineteenth century, which caused changes to the natural river channel.
Expansion of the cone of depression
The major reason for expansion of the cone of depression was overexploitation of the aquifer by well fields RBF(c) and RBF(f) during the period of long-term regional hydrological drought, between 1989 and 1991. The first symptoms of the cone of depression expansion on the RBF(c) well barrier were observed in 1989 (Fig. 6) , after five years of well-field exploitation. The second reason was the high rate of bed load (31 g/m 3 ) transported in the river water during the 1980s and 1990s, resulting from domestic and industrial wastewater effluent discharged to the river. A similar situation was documented in other eastern European countries (Grischek & Bartak, 2016) . The suspended and soluble load entered the aquifer together with infiltrating water along the flow path from the river to the wells. The third reason for the expansion of the cone of depression was the long-term, low-flow rate and low water level, which caused limited river bank filtration, due to the reduction of the hydraulic active zone at the river banks. Under such conditions, increased seepage pressure caused suffosion of fine grains, which caused mechanical clogging. The effects of the increased amount of clay minerals (illite and montmorillonite) in river bottom sediments and organic matter, as well as of bacterial growth (Górski et al., 1993) , were observed. The diversity of the sediments below the river bottom favoured the washout of fines and their movement to deeper layers of the aquifer where gravels occur. This caused the bimodal sieve curve distributions. The effects of the compaction of originally loose sediments and increased seepage pressure were indicated by the relative density investigation. The evident sediment compaction was documented in three transects (Fig. 10: A, B and C) in the locations where the aeration zone was created below the river bottom (Fig. 7: A, B and C). On the meandering part of the river, this phenomenon does not occur because the asymmetric profile of the river bottom and the deepening of Table 4 . Grain size analysis of water-bearing sediments and their carbonate calcium content in a section of borehole 27A
(for location, see Figure 5 ) (Stryczyńska, 1991 its channel cause a high water flow velocity. It does not favour the shallow sediment clogging but does cause the deeper penetration of suspended materials in the aquifer in the direction to the well screens located on the river meander. The hydrodynamic effect of these conditions was the creation of the aeration zone below the river bottom for a length of 400 m along km 273.3-273.7 (Fig. 8) and expansion of the cone of depression on the side of the river opposite to the well barrier. It led to a drop in water level and drying of oxbow lakes in a unique landscape. Surface water levels in the oxbow lakes are presented in Figure 4 . The range of the cone of depression is indicated on the water level contour map by the location of the 55 m a.s.l. contour (Fig. 4) . This piezometric contour line, equal to the river water level, proved the expansion of the cone of depression for a distance of several hundred metres from the river channel. The depth of the cone of depression at the wells was exceeded from an assumed 2 m to measured more than 4 m.
The investigation has resulted in the formulation of guidelines, schedules and definition of the parts of the river for unclogging activities (Przedwojski, 1993) .
In July 1990, dredging of the bottom of the River Warta started. It was related to the construction of a collector well along km 273 of the river. To install the drains below the river bottom, sediments were removed to a depth of 5 m. This led to restoration of the pathway for infiltrating water through the local hydrogeological window within the clogged sediments. The effects were almost instantaneous, as an increased dynamic water level was observed (Figs.  6, 7A ). The hydraulic rinsing and loosening of the river bottom sediments at a depth of 1.5-2.0 m was also performed with the use of a special technical ship, "Wodnik".
The effectiveness of the unclogging activities is documented by comparing the groundwater level in the observation wells (Fig. 8) , which are located between the river and well 14L (Fig. 5). A groundwater level increase is clearly observed after the construction of the horizontal well drains and the unclogging activities along the part of the river between transects A and C (Fig. 7) . These activities also led to the reinstatement of the hydraulic contact between the aquifer and the river.
Conclusions
A special hydrogeological investigation of the bottom of the River Warta (Krajkowo well field, Poland) and the aquifer was performed at river km 273.2 and 274.4. The investigation included drilling of boreholes along five transects located perpendicular to the river and relative density measurements performed using a dinghy.
Two layers of sediments were recognised, both in facies distribution and grain size: an upper, finegrained layer package and a deeper, coarse-grained layer (fine and medium sand and gravel). The bimodal type of the sieve curve distributions is indicative of the migration of fine fractions from the upper, fine-grained to deeper, coarse-grained sediments, resulting in deep clogging.
An aeration zone below the river bottom was proved by groundwater level measurements performed on each transect at a depth of 10 m below the river bottom in that part of the river situated between km 273.3 and 273.7, where infiltration of river water decreased significantly.
Sections of the river channel with previously loose sediments were compacted because of mechanical clogging, which was documented by relative density measurements. This type of shallow clogging is a periodic phenomenon on the rectilinear part of the river channel. Natural unclogging occurs during floods and causes deep river bottom erosion. Unclogging can also be performed by artificial hydraulic dredging, which causes rinsing and loosening of the river bottom sediments.
Unclogging of the river bottom was also observed during construction of the horizontal well drains, completed by the trench method, which caused the increase in the groundwater level in its vicinity.
